A genesis of the corpus callosum (ACC) is a congenital abnormality in which there is partial or complete absence of the corpus callosum (CC). It was first recognized and documented in 1887 by John Langdon Down, a British physician best known for his description of the common genetic disorder that is now called Down syndrome. 1 With ultrasound (U/S), and MRI screening, agenesis and hypoplasia of the CC are now being detected more easily. To date, the exact cause of ACC is unknown, and the incidence of ACC associated with spinal open neural tube defect (SONTD) is not determined. 1 Agenesis of the CC may be complete or partial. It can result from disruption of callosal development, such as cellular proliferation and migration, axonal growth, or glial patterning at the midline. In partial ACC, the rostrum may be preferentially affected, with preservation of the other parts. Since each part develops at a slightly different time, in general following a rostrocaudal gradient, this selectivity suggests different timing of the insult. 2 The clinical manifestations of partial ACC are similar to those of total ACC but often less severe, because some connections are still preserved. Most cases of sporadic, non-syndromic ACC are asymptomatic, and are detected purely incidentally. Patients don't present with seizures or intellectual disability. When ACC is seen with SONTD, patients are symptomatic. They are either mentally retarded and/or have seizures. The connection between ACC and SONTD should be taken into account for the purpose of counseling. In the current study, we reviewed the incidence of ACC in association with SONTD, and studied its effect on neurodevelopmental outcome. 3 Methods. We retrospectively reviewed 83 patients diagnosed with SONTD out of 155 children registered in the Spina Bifida Clinic at King Khalid University Hospital, Riyadh, Saudi Arabia, between 1995 and 2010. An MRI was performed on all subjects using a GE 1.5-Tesla scanner (General Electric, Medical Systems, Milwaukee, WI, USA). The following sequences were acquired: sagittal, T2-weighted, fast spin-echo, 27 4-mm contiguous sections (repetition time, 2500 milliseconds; and effective echo time, 85 milliseconds); axial, T2-weighted, double-echo, fast spin-echo, 28 5-mm contiguous sections (repetition time, 2900 milliseconds; and effective echo time, 19 and 95 milliseconds); and a 3-dimensional, T1-weighted, gradient-echo sequence that allowed reconstruction in any plane of 124 1.5-mm sections (repetition time, 35 milliseconds; echo time, 5 milliseconds; and flip angle, 35°).
The CC was measured from the mid-sagittal section, defined as the most mid-sagittal view of the genu and splenium (Figure 1 ). Images were measured blind to group membership. The CC was divided into 4 components (rostrum, genu, body, and splenium), following the method of Woodruff et al 4 and Nosarti et al. 5 This is used as a frame of reference for dividing the CC into quarters. The outline of the CC is traced manually. We defined ACC as either total absence (complete ACC) or absence of at least one, but not all, of the 4 components of the CC, while in hypoplasia, the CC is thinner than usual, but has a normal anteriorposterior extent. 6 Two neuroradiologists experienced in the interpretation of brain images obtained with these sequences evaluated the CC. Both neuroradiologists were blinded to the patients' neurodevelopmental histories. They independently evaluated the CC with each sequence in isolation twice, and at different times to control for intra-observer variation. Imaging studies revealed 38 patients with agenesis or hypoplasia of the CC. Each scan was reviewed with particular attention to the degree of callosal abnormality (agenesis versus hypoplasia, severity of agenesis), and the range of abnormalities associated with the characteristic hydrocephalus and Chiari malformation. Other specific abnormalities were also recorded and analyzed. Clinical information on neurologic and developmental status, in particular, pragmatic language, problem-solving skills, and social communication were reviewed. Presence or absence of seizures was recorded. Neurodevelopmental outcome was classified as poor in children with seizures, severe neurodevelopmental impairment, or death. Most visits to the spina bifida clinic included evaluation by a pediatric neurosurgeon, pediatric neurologist, pediatric orthopedic surgeon, pediatric urologist, physical therapist, and a psychologist. Arabic speaking examiners administered the Bayley Scales of Infant Development, 7 the Bayley Scales of Infant Development (BSID 2nd ed) and the Preschool Language Scales-III (PLS) for cognitive development. The BSID is a well-standardized assessment measure for children, which yield scores on 2 indexes: the Psychomotor Development Index (PDI), assesses the child's fine and gross motor skills, and the Mental Development Index (MDI), assesses the child's level of cognitive, language, personal-social skills. The PLS is a standardized assessment of speech and language, and consists of PLS-EXP (expressive) that evaluates use of expressive language and PLS-REC (receptive) that assesses comprehension of language. The BSID and PLS yield scores with a mean of 100 and a standard deviation of 15. Results. Thirty-eight patients (45.8%) with ACC were identified among 83 cases with SONTD. There were 18 males and 20 females, and patients' age ranged between one and 16 years; median age 4.3 years. All patients were born with open lumbar or lumbosacral myelomeningocele. Total ACC was found in 10 patients, partial ACC in 25, and in 3 patients the CC was hypoplastic (Figures 2, 3, & 4) . Ten patients had atypical callosal dysgenesis, with the posterior corpus (isthmus, splenium, or both) being formed in the absence of the anterior portion. Eighteen patients had the body of the CC well formed with absence of the splenium or genu, and in 14 of them both splenium and rostrum were absent (Figure 4) . In these 18 patients, the interhemispheric fissure was present in the occipital regions, and the CC appeared partially formed at the site of an almost completely formed interhemispheric fissure. In patients with complete ACC, almost complete hemispheric fusion (lack of normal interhemispheric fissure) was seen in 4 of them (40%). Active hydrocephalus was an associated finding in 34 patients (89.5%), and tonsillar herniation was observed in all patients with ACC associated SONTD (Figure 1) .
In 13 patients (34.2%), intellectual function was normal, whereas 25 (65.8%) patients were found to have learning disability, seizures, or poor intellectual function; one of them died of respiratory failure. The mean PDI was 60.8 (±14), which is moderately delayed, and the mean MDI was in the normal average range of normal 91.5 (±16). Cognitive scores in 6 (15.8%) of these children were significantly delayed, 19 (50%) were borderline, and 13 (34.2%) were in the average range for their age. Speech and language function were commensurate with mental function, with a mean receptive score of 88.8 (±17) and expressive score of 87.2 (±18), both in the low-normal range ( Table 1) . Discussion. Agenesis of the CC is among the most common brain malformations observed in humans. 9 In the general population, its estimated prevalence is 3-7 per 1000 birth, while in children with developmental disabilities it is 2-3 per 100. 4 It can occur as an isolated finding on MRI, but is often associated with anomalies and disorders of neural migration. 6 In our series, SONTD-associated ACC was found in almost half of the sample studied 38/83 (48.5%).
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The CC is a densely packed white matter structure, on MRI it appears as high signal on T1 weighted image (T1WI) and low signal in T2WI. Prenatal diagnosis of complete callosal agenesis is feasible from the midtrimester onwards by expert sonographers. 5 Fetal MRI is worthy of recommendation in order to reinforce a difficult sonographic diagnosis and to exclude possible additional cerebral anomalies overlooked at U/S. 10, 11, 13 In complete agenesis, the CC is not visualized, whereas in a partial ACC, the later-forming structures are usually absent. Therefore, the CC may show a posterior genu; a posterior genu and anterior body; a genu and an entire body; or an entire genu, body, and splenium with the exception of the rostrum. In our series, 10 out of 83 patients with SONTD (12%) were found with complete ACC, and 25 patients (30%) with partial ACC, the posterior component was absent in most of them (splenium alone in 17 patients, or splenium and isthmus in 22 patients, representing 68% of partial ACC (Figure 3) . This supports the theory that CC normally grows in a ventral to dorsal direction with the genu appearing first followed by posterior growth to form the body and splenium. 10, 14 On the other hand in 12 patients, the body of CC was formed with absence of both rostrum and splenium, this could be due to the disturbed or random order of CC formation in patients with SONTD (Figure 4) . Tovar-Moll et al 15 described the CC to be topographically organized, such that fibers connecting a given cortical area are adjacent.
Although the basis of CC abnormalities is not always clear in children with SONTD, who may have a combination of congenital and acquired effects on the cerebral white matter, there are 2 possible processes responsible for CC anomalies in children with SONTD; the first is a disorder involving prolonged disruption of neuroembryogenesis that results in partial agenesis and hypoplasia of the CC, primarily in the rostrum and splenium. 16 In some forms of callosal agenesis, termed partial segmental agenesis of the CC, a 2-stage mechanism has been identified that produces an absent body, but present splenium. The second is a destructive process, involving secondary hydrocephalus that tends to produce hypoplasia, but not absence, of the genu and body. 17, 18 The lateral ventricles may have a colpocephalic appearance with a localized dilatation of the atria and occipital horns. They also appear widely separated and are medially concave, with the upper corners pointed up. 15 Marked colpocephaly with enlargement of the occipital horn of the ventricles due to underdevelopment of the white matter in the posterior cerebrum was seen in 51.2% of patients with SONTD. 19, 20 Our series represent a group of patients referred to the spina bifida clinic from different regions. Because of this, selection and referral bias an estimation of the prevalence of ACC in SONTD is not possible. Children with SONTD are at increased risk for cognitive impairments including nonverbal skills, arithmetic achievement, and visual-motor integration that become more evident with increasing age. 21 Both shunted hydrocephalus and CC anomalies have been shown to affect cognitive functioning. 22 The relationship between the degree of cognitive impairment and ACC have been variable suggesting that the presence of hydrocephalus may also have a profound effect on cognitive function. 23 In our cohort group of patients, hydrocephalus was present in almost 90% of the patients and we found no significant differences between neurocognitive and developmental test scores among different types of SONTD-associated ACC in children with or without active hydrocephalus ( Table 1) . 24 Our observation of neurocognitive outcome of ACC in SONTD is different from the systematic review published data 25 on the neurodevelopment of children that were diagnosed prenatally with isolated ACC, where the rates of normal outcome were 71.2%, borderline or moderate disability 13.6%, and severe disability 15.2%. In this series, in 13 patients (34.2%) intellectual function was normal, whereas 19 (50%) were borderline, and 6 (15.8%) were significantly delayed. 25 The cognitive and neurological manifestations of ACC vary considerably from mild behavioral problems to severe neurological deficits. 6 The clinical manifestations of partial ACC are similar to those of total ACC, but often less severe because some connections across this commissure are preserved. Difficulties with interhemispheric transfer of stereognosis and naming information is seen more in patients with focal agenesis of the splenium than of rostrum, because the somatosensory reception is in the parietal lobe, and Wernicke's area for speech is in the posterior temporal lobe, though articulation must be transferred to Broca's area of the frontal lobe. 26 Fletcher et al 27 proposed that CC abnormalities lead to deficits in spatial cognition that are commonly observed in children with shunted hydrocephalus. Although 57% of our children had deficiencies of the CC, no significant differences were found between test scores when compared with children with a normal CC, suggesting that development of ventriculomegaly early in brain development may be the important factor here. However, deficits may appear as the children become older and neuropsychologic testing becomes more specific and focused on associative, processing, and interpretation skills.
To date, it is not clear which changes in the brains of children with ACC are related to compensatory adaptation and which are associated with functional deficits. The concept of compensatory mechanisms has been invoked to explain why children with ACC associated with SONTD differ so dramatically from children and adults with acquired CC damage or section. In SONTD, ACC does not appear to have a direct or dramatic impact on general cognitive ability, and does not appear to have a significant negative impact on general language skills. 16, 28 In conclusion, complete or partial ACC is common in children with SONTD and are often associated with functional problems. One should take account of the mode of ascertainment, to make a connection between ACC and NTD for counseling purposes. There are no known treatments to cure the anomaly; the only treatment available for individuals with ACC is for the management of its symptoms and control of seizures.
